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I. INTRODUCTION 

The p resen t  r epor t  i s  the second q u a r t e r l y  r epor t  under Cont rac t  

NASw-1586 and cove r s  the period 25 Apr i l  1967 to 24 Ju ly  1967. The 

problem being considered i s  the boundary l a y e r  that  wi l l  develop over  

the segmented electrode wa l l  in a n  MHD channel when a non-equilibrium 

plasma is flowing. 

sheath a t  the base  of the continuum boundary layer  a s  we l l  a s  the v a r i -  

ation of the e lec t ron  tempera ture  throughout the boundary l aye r  a r e  

considered.  

wal l  over  which the boundary layer  develops,  w e  sha l l  u se  a finite d i f -  

fe rence  technique in solving the boundary l aye r  equations.  

p e r m i t  the study of non-similar  behavior in a reasonably accu ra t e  way.  

In our  analysis  the cha rac t e r i s t i c s  of the p lasma 

Due to  our  d e s i r e  to  study finite e lectrode segments  in the 

This  wi l l  
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11. ANALYSIS 

In o r d e r  to complete the formulat ion of our  boundary l aye r  problem 

one i t em,  in addition to our  development in  the f i r s t  qua r t e r ly  r e p o r t ,  

some  init ial  6 station before  proceeding wi th  the ful l  finite difference cal-  

culation. This  problem h a s  been reso lved  by assuming "local s imi la r i ty"  

a t  this  ini t ia l  location ( j  = E = 0) .  In other  w o r d s ,  our  or iginal  equations 

w e r e  simplified by neglecting a l l  - t e r m s  and t rea t ing  Cinitial a s  a 

p a r a m e t e r .  The resul t ing equations a r e  shown below: 

Y X  
b 

Momentum: 

I I  ( R f y  t f f  = 0 

Overa l l  Energy:  

e 
2 T 

(A e ' ) '  ( r g )  t f g ' t + a  (f'0 I+- a, 2 a3 U R 1 1  

a, Ta3 R 

( 2 )  

Elec t ron  Energy:  
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i d  
where  ( ) = - 

dt7 

B ounda r y C onditi on s : 

v = o  f = f '  = 0 ,  g = gw, 

The above set represents .  t h r e e  coupled non-l inear  ord inary  differential  

equations that have to  be solved simultaneously while satisfying two point 

boundary conditions. Thei r  solution is only needed once,  however ,  for  

any known wal l  t empera ture  and chosen value of 5 . I 
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111. COMPUTER PROGRAM 

The p rogram descr ibed  in the first qua r t e r ly  r epor t  f o r  the main  

finite difference calculation h a s  been wr i t ten  and operated.  A l is t ing is 

included as  Appendix A .  T o  date the p r o g r a m  has  run  proper ly  and p ro -  

duced velocity, g a s  tempera ture ,  and e lec t ron  tempera ture  prof i les  that  

a r e  plausible.  F u r t h e r  m o r e  detailed checks on the self-consis tency of 

the r e s u l t s  a r e  now being c a r r i e d  out before any extensive calculations 

wil l  be attempted. The ini t ia l  r e su l t s  suggest  that  as  the cu r ren t  flow 

through an  electrode is increased the e lec t ron  t empera tu re  nea r  the wal l  

can build up, possibly to  a value l a r g e r  than in the f r e e  s t r e a m .  

Another p r o g r a m  has  been wr i t ten  to  c a r r y  out the calculation of 

the init ial  profile.  The  three  equations a r e  reduced to seven f i r s t - o r d e r  

non-linear equations which a r e  then solved a s  a two-point boundary value 

problem. 

to  s e e  if f a ,  gm,  em a l l  go to  unity. 

the calculation repeated.  

1 '  I 
The approach is to  guess fw , g w ,  0, and check the prof i les  

If not o ther  guesses  a r e  made and 

A flow d iagram f o r  th i s  p r o g r a m  and a listing 

1 

a r e  shown i n  Appendix B.  

prof i les .  

So f a r  the p r o g r a m  h a s  run  and yielded plausible 

Again f u r t h e r  checks a r e  being made  to  ver i fy  the accu racy  of 

the calculation. Init ial  r e su l t s ,  however,  show that the electron t empera -  

t u r e  profile wil l  be seve ra l  t imes  thicker than the velocity o r  gas  

t empera tu re  prof i les .  One would expect th i s  since the e lec t ron  t h e r m a l  

conductivity is s o  much l a r g e r  than the gas  the rma l  conductivity. 
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IV .  CHANNEL FLOW FOR INITIAL STUDIES 

The channel flow chosen f o r  the init ial  boundary layer  calculation 

has  been developed by L e s  Nichols and i s  h i s  ca se  #001351 dated 

November 16, 1966. He has  chosen the following conditions for the channel 

flow 

5 newtons 

m 
K = 0.700 Seed = 0 .01  P O  = 2 x  10 

2 

T o  = 2000°K M = 0. 500 B = 10,000 gauss  

Argon t Cesium 

The 6 var ia t ion of velocity, gas t empera tu re ,  p r e s s u r e ,  and density can 

be taken d i rec t ly  f r o m  his  calculation. They a r e  shown in Table I where  

5 I = . O l  and a l l  edge quantit ies a r e  to be specified a t  the half station. We 

have chosen a At = .00002 for  our  calculation. 

.01001 395.61 222 1919.98 

.01003 395.61 222 1919.95 

.01005 395.62 222 1919.92 

.01007 395.62 222 1919.89 

.Ol009 395.63 222 1919.86 

.01011 395.63 222 1919.83 

.01013 395.64 222 1919.81 

.01015 395.64 222 1919.79 

.01017 395.65 222 1919.76 

.OlOl9  395.65 222 1919.74 

1459 
1459 
1459 
1459 
1459 
1459 
1459 
1459 
1459 
1459 

164,c)OO 0 . 5  0 
163,999 0 . 5  0 
163,998 0 .5  0 
163,997 0 . 5  0 
163,996 0 . 5  0 
163 ,995  0 . 5  0 
163,994 0 .5  0 
163,994 0 .5  0 
163 ,993  0 . 5  0 
163,992 0 . 5  0 

Table I 

-1’4 and P = 2 /3 .  F o r  the e lec t r ica l  = g R In  addition, we have taken 

quantit ies and T w e  cannot use the channel flow values direct ly  a s  they e 
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assume  an  infinitely fine segmentation w h e r e a s  we a r e  calculating a 

boundary layer  with finite segments .  To  resolve this  difficulty we have 

calculated j and E a t  the channel center l ine to  be Y o 0  xa3 

= f 2250 a m p s / m 2  

= - 226 vo l t s /me te r  

t anode, - cathode 
JYOO 

These  uniform values w e r e  then redis t r ibuted over  the electrode-insulator  

wal l  making use of previously known theoret ical  calculations.  A s  yet there  

is no calculation which corresponds accura te ly  to  our conditions s o  the 

above redistribution is fo r  the t ime being approximate.  The j and E 
y00 xcn 

distributions a r e  shown in  Figure 1 and Table I1 

5 

. O l O O l  

.01003 

.01005 

.01007 

. O l O l l  

.01013 

.01015 

.01017 

. o i o o 9  

. o i o i 9  - 

0 
0 
0 
0 

- 100 
- 200 
- 350 
- 500 
- 900 
1300 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

T 

1921 
1922 
1925 
1927 
1928 
1928 
1928 
1928 
1928 
1928 

0 
50,000 

150,000 
100 , 000 

50,000 
0 
0 
0 
0 
0 

Table I1 

It should be noted that the nozzle th roa t  h a s  been assumed to be approxi-  

mate ly  34 inches from the s t a r t  of the MHD genera tor  electrode wal l .  

The  first numer ica l  r e su l t s  w i l l  be obtained fo r  the above case  s ince 

edge quantit ies a r e  varying moderately and should not introduce any un- 

expected numer ica l  difficulties. Later calculations will  look a t  supersonic  
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f r ee  s t r e a m  flows. 

to 5 = . O l O l 9  (half-way along the f i r s t  e lec t rode) .  

l imitation due to s torage problems in the computer .  

f r o m  this calculation will  s e r v e  a s  the init ial  prof i les  for  the next ten 

6 stat ions and s o  on. 

Also observe that the f i r s t  calculation only c a r r i e s  

This  is a prac t ica l  

The final prof i les  
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V, VALIDITY O F  COLLISION FREE SHEATH ASSUMPTION 

Until recent  yea r s  a l l  p lasma-sur face  interact ion analysis worked  

f r o m  the assumption of a sheath of some  specified thickness separat ing 

the wal l  and collision dominated p lasma (assuming Debye length << mean 

f r ee  path). 

in the two regions.  

A matching procedure is then used to co r re l a t e  the solutions 

This  is the procedure  that we a r e  following in  the present  ana lys i s .  

However ,  i t  i s  not c l ea r  what e r r o r  is involved when the Debye length i s  

the s a m e  magnitude a s  the mean f r e e  path,  a ca se  which may be of p r a c -  

t ical  significance. Also,  the potential due to the charge distribution n e a r  

the wal l  does not in fact  vanish a t  some  well-defined boundary, a s  has  

been assumed.  

It is in o r d e r  to c lar i fy  such questions a s  the above that we have 

begun a review of cu r ren t  analysis of p l a sma-su r face  interactions.  The 

m o s t  re levant  would s e e m  to be the "moment" methods since they do not 

requi re  the assumption of a sheath. 

by Bienkowski (Pr inceton) ,  Probs t ien  (MIT),  and Terhune (GE R e s e a r c h  

Laboratory) .  

Of par t icu lar  in te res t  is the work  

They should a l l  be val id ,  in  genera l ,  whether  d < X o r  d > A. 
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VI. FURTHER WORK 

In the next reporting period, we expect to have c o r r e c t  calculations 

completed for  the f i r s t  channel flow case .  

s imi l a r  solution in the entrance region and the finite difference solution 

over  the electrode wall. 

This  includes the locally 

Effor ts  wil l  continue to clarify the range of validity of our sheath 

assumption. 

ana lys i s  for  possible future use w h e r e  conditions w a r r a n t  i t .  

We shal l  a l so  attempt to  formulate  a m o r e  accura te  sheath 

A review of the l i t e ra ture  wil l  a l so  be begun to t r y  to determine m o r e  

accura te  formulas  for  t ranspor t  p roper ty  evaluations.  
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A P P E N D I X  A 

The list ing included h e r e  i s  for  the ma in  finite difference computa-  

tion. The flow cha r t s  fo r  the main p r o g r a m  and its subroutines a r e  

recorded  in Section 111 of the f i r s t  qua r t e r ly  p r o g r e s s  r epor t  (25  Janua ry  - 

24 Apr i l  1967).  
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0 4 A j 4  1 07-06-67 
I 

I -.. . 53 54 
5 5  . 

- - 5 6  - 
57  
58  

4 4  
4 5  
4 7  
4 &  
4 8  
4 8  
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n s ~ i o  2 06-01 -67  

1 
2 
3 
4 
5 
6 
7 
8 
9 

1 0  
11 
1 2  
1 3  
1 4  
15 
1 6  
1 7  
18 
1 9  
20  
2 1  
22 
23 
24 
25 
2 6  
2 7  
28 
29 
30  
3 1  
3 2  
3 3  
34 
35  
36  
37  
38  
39  
40 

42 
43  
44 
45 
46 
47 
48  
49 
5 0  

4 1  

5 1  
5 2  

6 
7 1  
8 
9 

1 0  
11 
1 2  
1 3  
1 6  

1 6  
19 

1 9  
22  

22  
23 
2 4  
26 
2 6  
3 1  
31 
3 2  
34  
9 4  
3 5  
3 6  
38 
46 1 

46 
48  1 
4 8  I 
5 6  1 
5 6  
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0 4 A l O  2 0 6 - 0 1 - 6 7  

53 9 9 9 9  R E V U R N  
5 4  E N D  56  

5 7  

15 



OjA4e 3 05-22-67 

1 
2 
3 
4 
5 
6 
7 
8 
9 

1 0  
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 

2 
3 
5 

7 
8 
9 

1 0  
11 
12 
14 
16 
17 
18 
19 
20 
2 1  

16 



I 1 01A12 3 

1 
2 
3 
4 
5 
6 
7 
8 
9 

I O  
11 
1 2  
1 3  
1 4  
15 
1 6  
1 7  
18  

~ 19 
20 
2 1  

I 22  
2 3  
24 

0 5 - 2 9 - 6 7  

2 
3 
4 
5 
6 
7 
8 
9 

1 0  
11 
1 2  
1 3  
1 4  
1 5  
1 6  
17 
18 

17 



03A26  2 

1 
2 
3 
4 
5 
6 
7 
8 
9 

1 0  
11 
1 2  
1 3  
1 4  
15 
1 6  
1 7  
18 
19 
20 
21 
2 2  
2 3  
2 4  
25 
2 6  
27 
28 
2 9  
30 
3 1  
3 2  
3 3  
3 4  
3 5  
3 6  
37  
30 
39 
40 

42  
4 3  
44  
45 
46  
47  
48  
49  
50 
5 1  
5 2  

4 1  

2 
3 
4 
5 
6 
7 
8 
9 

1 0  
11 
1 2  
1 3  
1 4  
15  
1 6  
1 7  
18 
1 9  
2 0  
24 
2 2  
2 3  
2 4  
25 
26  
2 7  
28 
29 
30  
3 1  
32 
33  
34  
35 
3 6  
3 7  
38 
3 9  

40 

18 



1 03A26 2 

5 3  
5 4  
55  
5 6  
5 7  
5 8  
5 9  
60 
61 
62 
63 
64  
6 5  
66 
67 
68 
6 9  
70  
71 

000000 

4 1  
4 2  
4 3  
4 4  
45 
46  

47  

40 
49  
5 0  
5 1  
5 2  
5 4  
5 6  
5 7  
5 8  
5 9  
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' 02A35 2 

1 
2 
3 
4 
5 
6 
7 
R 
9 

1 0  
11 
12 
1 3  
1 4  
15 
1 6  
17 
1 8  
1 9  
20 
21 
22 
23 

0 6 - 0 6 - 6 7  

c i A a L E  
S U R R  T A S L  ( 

n I M E N S I O N  TEMP(50),0EA(50),QECS(50) 
XTEMP = b R G 5  

9 IF ( N )  1 0 , 1 0 1 1 1 0  
i n  I F  (xTEMP-XTEPIPL) 1 0 1 , 1 1 , 1 1  

1 0 1  J = 1 
NTAB = K T A R  

11 N T A B ~  = N T A B + l  
K = J-1 
CALL T L U l ( X T E M P , N T A B , T E M P ( J ) , J , l E H R ~  
I F  ( I E R R )  1 3 r 1 4 t 1 3  

1 3  W H I T E  (6 ,901)XfEMP 
GO T O  9999 

1 4  NTAB = NPAR1-J 
J = J+K 
I F  (NTAB) 999989999815 

AB,N, X Q  

1 5  XOEA = T N T 1 ( X T E M P , N T A B , T E M P ( J ) r O E A ( J 1 , 2 1 1 E R R I  
XQECS = T N T I ( X T E M P , N T A R , T E M P ~ J ~ , Q E C S ~ J ~ , ~ , ~ ~ R R )  

1 6  XTFMPL : XTEMP 
9 0 1  FORMAT ( 3 4 H  T H I S  TFMPERATURE IS NOT IN T A B L E - r E I 6 . 8 )  

9999 RkTUHN 
E N D  

2 
3 
4 
5 
6 
7 
8 
9 

1 0  
13 
1 4  
15  
1 6  
1 7  
1 8  
19 
20 
2 0  
2 1  

20 



04A14 I 0 7 - 0 6 - 6 7  

4 7  _._^ - 
4 8  

2 
-2 - 

4 
5 
6 
7 
8 

_ _  4. - 
11 
12 
1 3  
1 4  
15 

-1e 

19 - 
20 
2 1  

- ea 
2 3  
2 4  
25 
2 6  
2 7  
2 8  
2 9  
30 
31 
32 
3 3  

~ 34 
35 

-36  
37 
38 
3 9  

-40  
4 1  

21 



0 4 6 1 4  2 

53 
54 
55 
56 
5 7  
58 
59 
60 
6 1  
6 2  
65  
6 4  
65 
66 
67 

- -  - 6 8  
69 
7 0  
71 
7 2  

0 7 - 0 6 - 6 7  

.. 

.. ... .~ 

. . .  

73 

75 
76 
77 
78 

- 80 
81 
6 2  
83 

- ' - 7 4  . 

79 _ _  

a4 
-- -- t35 - . 

86 
87 
88 
8 9  
90 
91 
9 2  
9 3  
9 4  
95 
9 6  
9 7  
9 8  
9 9  

1 0 0  
1 0 1  
1 0 2  
1 0 3  
1 0 4  

. \  
6 7  

68 
69 .- . 

. .. . - 7 0  -. 

71 

7 2  
73  

74 

75 ' 

76  
77  

22 



1 04A14 2 

1 0 5  
1 0 6  
1 0 7  /i 1 0 8  
1 0 9  

111 
1 1 2  

~ 1 1 3  
1 1 4  
1 1 5  
1 1 6  
1 1 7  
1 1 8  
11 9 

I 1 2 0  
1 2 1  
1 2 2  
1 2 3  
1 2 4  
1 2 5  
1 2 6  
127 

0 1 - 0 6 - 6 7  

78 

7 9  

80 

8 1  

82 
83 
84 

85 

86  

87 
88 

23 



9 
1 [I 
11 
1 2  
13  
1 4  
1 5  
1 6  
1 7  
1 8  
1 9  
2 u  

22 
2 1  - 

2 
3 
4 
5 
6 
7 

3Y 
4 I1 

4 1  
4 2  
4.3 
4 4  
4 5  
4 6  
4 7  
4 6  
4 9  
5 0  
,51 
S2 

19 
2 1  
2 3  
2 5  

27  
28 
2 9  
30 
3 1  
3 3  
35  
3 6  
37 
3 8  
40  

26 

4 2  
43 
4 4  
4 5  
4 6  
4 7  
48  
4 9  
50 
52 
5 3  
5 4  
5 5  
57 

24 



0 4 ~ l i J  1 r ) b - 2 9 - 6 7  

5 9  
6 1  
6 2  
6 3  
64 
65 
6 6  
6 8  
70 
7 2  
73 
74 
75 
7 6  
7 8  
7Y 
90 
81 
8 2  
8 4  
86  
87  
88  
90  
9 2  
93 
94  
95  
96  
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, 0 4 A l B  2 

1 
2 
3 
4 
5 
6 
7 

9 
10 
11 
12 
13 
14 
15 
16 
17 

a 
t 
I 2 

3 
4 
5 
6 
7 
8 
9 

LO 
4 1  
1 2  
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1 
2 

5 
6 
7 
8 

1 

_, 9 
1 0  
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OjA48 B 

1. 
2 
3 
4 
5 
6 
7 
8 
9 

1 0  
11 
1 2  
13 
14 
15 
16 
17 
18 
19 
20 
21 

0 5-22  -6  7 

CVMNSUB 
SURHOUTINE VMNSUB(*) 

2 
3 
1 

6 
7 
8 
9 

11 
13 
14 
15 
16 
17 
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01A48 C 05-22-67 

1 
2 
3 
4 
5 
h 
7 
8 
9 

1 0  
11 
12 
1 3  
14 
15 
16 
17 
3.8 
13 
20 

11 
l l  
1 3  
1 3  
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APPENDIX B 

The flow d iag ram and listing included h e r e  a r e  for  the computer  

I 

program wr i t ten  to c a r r y  out the calculation of the init ial  prof i le .  A 

fourth o rde r  Runge-Kutta method subroutine is employed to solve the 

equations descr ibed in Sections I1 and 111. 

The following equivalence between m a j o r  var iable  names  employed 

in the equations and in the p rogram should be noted: 

u (1) = f = - v  

u (2)  = f l  

u (3 )  = f l l  

u (7) = e l  

% (. . . = function of (. . . ) 
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MAIN PROGRAM 
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MAIN PROGRAM (Continued) 
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MAIN PROGRAM (Continued) 
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MAIN PROGRAM (Continued) 
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MAIN PROGRAM (Continued) 
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DERIV* 

*The Runge-Kutta integration subroutine CALLS DERIV, which contains the 
s even first - o r  de r non-line a r  differ  entia1 equations for  simultaneous solution. 
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B i P O 9  3 0 7 - 1 7 - 6 7  B L O C K  P R O S R A M  
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